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As mentianed in the previous report the conversion data of tritium in the
solid phase at 4,2°K and the conversion studies made at 27.2°K were submitted
for publication in June 1963, This paper recently appeared in the Journal of
The American Chemical Society; twenty-five copies are eppended.

lnvestigation of the nitrogen system has continued using N,'®"'* and
N,'57'S under various conditions, but principally dictated by the knowledge
gained from the tritium experiments. To date a small effect has been observed
in the conversion of the nitrogen system at ~1.,5°K. From a continuing know-
ledge gained from the tritium experiments enhancement of this conversfon
appears likely.

The conversion of tritiuw in the heat conductivity cell now sppears to
occur exclusively via a wall catalysis3 increasing the wall surface by a factor
five resulted in a five-fold increase in the conversion rate. Although con-
version in the gas phase undoubtedly still occurs, the contribution to the
observed rate is negligible.

The half-lifetime for the conversion in the solid phase with varying
amounts of {hydrogen pre >t 't (5% -50% hydrogen) varies 1inearly with the

f——ie t -
hyd a.«-"‘ | measur “y'i ne ~rgion of both isotopes in the solid
mult usly. " ereas the tritium half-1ifetime

increasds with increa ing amounts
of hydrogen .
) 1f=-11¢
decreases substantialty, the hydrogen half-1{ifetime

Future Work

The role of fons in the solid phase conversion O tritium and tritium

hydrogen mixtures stiit remains uncertain. Currently, & 104 tritium in
hydrogen mixture is under investi gation. If the rate of‘ version of
hydrogen increases substantially in the solid phase with 10 tritium present

the conversion then is proceeding almost exclusively by an i n mechanism.

The problem of water vapor is being considered in connechion with
the noctilucent clouds as detai led by Dr. Hemenway of the Dudh& observatory.




Fundamental atom and molecule reactions and their concomitant
role in the chemistry of the upper atmosphere have been under investi-
gation at RPI for the past ten years. These studies have been directed

by Dr. Paul Harteck, Distinguished Research Professor of Physical

Chemistry. \ NG5~ 17693

During the past three years under this grant we have investi-

gated the kinetic processes associated with the following:

(a) The ortho-para conversion of nitrogen and tritium.

(b) The behavior of excited metastable nitrogen molecules (A’S:)
and the reactions of nitrogen atoms.

(c) The chemiluminescent reactions suitable for upper atmos-
phere research: e.g., the reaction of sulfur, carbon disul-
fide, lead, bismuth and organometallic compounds reacting
with oxygen atoms.

Under part (a) two papers have appeared in the literature
and are appended. Work on the nitrogen atom chemistry under
part (b) was included as a Ph.D. thesis topic, a copy of which
is also appended. Two papers were published in this connection;
reprints are given with the thesis. A portion of the study of
chemiluninescent atom reactions, part (c), were reported earlier
and a copy is also included here,

A. The Ortho-para Systems:

Bonhoeffer and Harteck in their classical experiments on the
conversion of orthohydrogen into parahydrogen found that the rate of con-
version in the solid phase, 1iquid phase and when the hydrogen molecule
is adsorbed on charcoal exhibited rates of conversion which may be readily
studied in the laboratory. Furthermore, as subsequently shown by Farkas
and Sachsse the conversion of hydrogen in the gas phase while in the
preseace of a paramagnetic gas such as oxygen or nitric oxide could be

followed convenfently also.
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With the precise data available for hydrogen, the conversion
of other molecular systems appeared feasible; such that, within a short
period of time the conversion of paradeuterium into orthodeuterium was

achieved by Harteck, Farkas and Farkes.

Although any homogeneous diatomic molecule with a non-zero
nuclear spin exhibits ortho-para behavior, detectable echancement of
the low temperature modification will only occur in the region of 4,2°K
and below. Consequently, the eventual isolation of a desired spocies

requires special techniques.

Although tritium was investigated after an exhaustive series
of experiments on the nitrogen system the paramount problems associated
with the nitrogen system was not fully appreciated unti! we had suc-
cessfully converted orthotritium into peratritium. Therefore, we have
elected to discuss the tritium system first, since it offers a better

point of departure for a discussion of the nitrogen system.

Using the heat conductivity method of 3onhoeffer and Harteck
we have given evidence that it is possible to convert orthotritium into
paratritium at low temperatures (1iquid neon, 27.2°K, and 1iquid helium,
4.29) .* The rates of conversion were substantially faster for tritium
than for hydrogen. From the theories of Wigner and others an estimate was
.made for the rate of conversion. Hydrogen and tritiun follow the same
statistics, and their nuclear magnetic moments are about the same (2.79
versus 2,98). If the conversion rates of hydrogen and tritium are compared

according to theory, they should differ only by a factor three ™

* For more complete details see appended reprints.

**The comparison between ortho-parahydrogen and ortho-paradeuterium
was not as conclusive because these two isotopes follow different
statisticsz in addition, their nuclear magnetic moments are signifi-
cantly different (0.88 versus 2.79).



Two main reasons for this unexpected behavior seem plausible:

1. The smalier rotational quanta of tritium compared to that
of H, enhance the transition probabilitys in addition, at low temperatures
the surrounding medium may absorb these smaller rotational quanta of ener-
gy released in the tritium transition (J =1 to J = 0) much easier than in

the hydrogen transition.

2. lon-mechanisms may play an important role in the transformation

under certain conditions,

From our present results we have not been able to determine in
cach case whether the ortho-para conversion is due to (1) a paramagnetic

conversion or to (2) an ion-chemical mechanism:

Ta(ortho) * M(paramagnetic) = T2(para) * M(paramagnetic) * Phonon (n
" and

+ +

Ts * T‘(ortho)fra(para) *Ts (2)

The first reactfon is a spin-reversal and the second is a chemical
reaction over ‘ions. It is well known that the paramagnetic conversion has
practically no tenperature coefficient for the conversion, but from other

findings reaction (2) also has no detectable heat of activation.

The tritium we obtained was never completely free of impurities.
In fact, a certain percentage of hydrogen was always present (the concen-
tration of hydrogen was determined spectroscopically). In this connection
a preliminary study showed that hydrogen acted as an inhibitor in the ortho-
para conversion of the tritium, This find is obviously very interesting,
viz., that the ortho-para conversion of one hydrogen species becomes hindered

by enother hydrogen species. We have made a series of hypotheses to explain



these phenomena, but additional research is necessary before a definitive

answer may be elicited.

Furthermore, exploratory work has been made on a mixture of
hydrogen and tritium which was equilibrated by a glow discharge to the
high temperature equilfbrium concentration of hydrogen tritide (HT). On
cooling this mixture to low temperatures the chemical equilibrium was
shifted quantitatively to the H, + T, side; this equilibrium was estab-
lished with a velocity comparable to the ortho-paratritium conversion,

indicating that the same or a similar ion mechanism is operative.

Spectral plates of ortho-parahydrogen or ortho-paradeuterium
do not exist in the literature, therefore we have made such spectrograms.
(A copy of the hydrogen system is appended). We tried to make a similar
spectrogram with ortho-paratritium, but we have been unsuccessful to date;
even using the same apparatus which was used for the picture appended for
hydrogen. From the exfsting theories such a spectrogram of the para-
tritium should have been readily obtained, since one would have expected
a higher stability fpr the paratritium molecule than the parahydrogen
molecule when exposed to a glow discharge. This rapid conversion in the

discharge should be studied to clarify the mechanism for this transformation.

The rotational constant for nitrogen is 1/30 that of hydrogen.
Consequently, any detectable enchancement of the ortho modification will
not occur until a temperature of 2°K or lower is reached. The rate of
conversion, however, may be extremely fast since below 35.4°K (the transition
temperature for rotation in this solid tattice) the nitrogen molecules

are hindered rotators; any conversion would only be likely at or below 1°K.



As we have indicated in our semi-annual reports prior to the triti-
un study a number of different avenues were tried but without success. (For
dggails see appended reports). In every instance, however, we should

-emphasize the following:

(1) The extent of enhancement of the nitrogen system was deter-
mined spectroscopically from the intensity of the rotational lines within
élgiven band produced by a glow discharges; we never observed a reverse effect

and sometimes a minor indication,

(2) Secondly, a series of measurements weré made such that half
life times of a few minutes to five days would have been readily detected.
From we know in the case of tritium, the rate ¢f conversion of nitrogen

should be much faster than expected.

(3) To date we have repeated a number of the nitrogen experi-
ments of the first series in the 1ight of the knowledge gained from the tri-

tium system: again, only faint indications have resulted.

(4) It is possible also that the rate of the back conversion in
" the glow discharge may be extremely fast as it appears to be for tritfum.

-1l ien n, 15715

Recent work, however, by Harteck, Dondes and Brown with Nj
using fonizing radiation indicates that such a back conversion by an ex-

change process is unlikely.

(B) Metastable Molecules and Active Nitrogen-Hydrocarbon Reactions:

During the initial period of this general study it became evi-
dent that a mass-spectrometer with quantitative analytical capibilities
was needed. A variety of uses within the experimental programs deemed
the purchase of a CEC 21-130 virtually a necessity. Purfty of gases and
composition of gas mixtures for the ortho-para studies was of a paramount

importance.




We incorporated a secendary entrance system to the analyzer which
permitted a low pressure flowing gas stream to be continuously monitored
by the mass spectrometer. By simply closing a valve we could use the

system in the standard analytical fashion,

Through the past few years this mass-spectrometer was used to
monitor a reaction study involving nitrogen atoms. The surface catalyzed
excitation process was used with the active nitrogen to make excited
molecules, and a variety of reactions were studied. An investigation was

also made of the reactions between N-atoms and hydrocarbons.

This work also was supported in part by a NASA grant to RPI for
Interdisciplinary Materials studies and constituted the thesis subject for
a Ph.0. candidate, David R. Safrany. The work has been presented in
detail in his thesis, and two publications have also appeared in the
literature as a result of this work; copies of which are appended.

(C) The Themiluninescence Reactions of Pb, Bi, CS, and Sulfur with Oxyqen
Atoms

At the request of Mr. Richard Hord of NASA's Langley Facility
the chemiluminescent reactions of oxygem atoms with Pb, Bi, CS; and sulfur
were studied in the 10-k0 micron pressure range. The details of this work
are contained in a report entitled ® Studies for Chemical Releases in the

Upper Atmosphere ;! requisite copies are appended.

Briefly, the chemiluminescent reactions of bismuth and lead gave
luminosities which are an order of magnitude less than nitric oxide and

consequently they would not appear to be suitable as release substances.



Carbon disulfide, sulfur or sulfur compaunds may be used for
A
chemical releases since these substances are free from a competing reaction

with nitrogen atoms, which is not the case for nitric oxide.

Work on chemiluminescent reactions has continued with support
especially from Air Force Cambridge. New results have been obtained
which substantiate a two-body chemiluminescent reaction process which
had been considered uniikely in recent years in view of the established
three-body chemiluminescent processes also known. ' Howéver, in the
case of the low pressure nitric oxide-oxygen atom chemiluminescent
reaction, our results clearly indicated {hat a simple two-body reaction
mechanism dominates (NO + 0 - NO, + hv). (See appended reprint). In
addition the sulfut monoxide- oxygen atom system also follows a simpie
two-body reaction mechanism in producing the chemiluminescence. The
details of this work will appear in the near future in a paper accepted
for publication in the Journal of Physical Chemistry.
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INTRODUCTION

1769

A survey type of study has been made at the request of NASA,
This study was conducted to evaluate the proposal of Richard Hord for
releasing bismuth and (or) lead in the upper atmosphere whereby a
luminosity might be observed due to the reactions with oxygen atoms.,
In order to have a basis for comparison for the intensity of the lumi-
nosity observed, nitric oxide was also added to the O-atoms. Nitric
oxide has been previously released in the upper atmosphere and reported
in the literature.' Sulfur was also added since sulfur compounds are
known to give & very strong luminosity in reaction with oxygen atoms.?

Experimental Methods

A high vacuum system was used to study the reactions. The
reaction vessel used was a 22 liter Pyrex glass flask connected to a
mercury pump with a speed of about 50 liters per second under these
conditions. The O-atoms were produced in a glow discharge and streamed
into the flask (see appended colored slides and prints). The greenish
white oxygen afterglow was just visible at the operating pressures
used--in the order of 25 to U5 microns. In order to prevent the
recombination of oxygen atoms on the walls, the flask was coated with
ortho-phosphoric acids Under these conditiens the oxygen was estimated
to be about 10¥% dissociated.

Both bismuth and lead were electroplated on to tungsten wire
filaments. The metal could then be heated electrically by passing
current through the tungsten filament. When visible rad{ation was
first observed from the filament (600-700°C), the vapor pressure of
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the bismuth or lead was sufficient to give a reasonable rate of vapor-
ization (vapor pressures - Pb = 1, at 625°C, 10u at 718°C; Bi = I at
609°C, 104 at 698°C).

In the case of bismuth a whitish glow was observed; for lead a
biuish glow was observed. Each glow persisted for approximately one
hour with a total quantity of 200-300 milligrams of metal. The glow
was not observed uniformly through the flask, but was strongest near
the evaporating metals and toward the center of the filask.

Eveporation of both metals resulted in a coating of combined
oxide and metal on the walls of the flask, This coating catalyzed the 0-
atom recombination on the surface, and in time the O-atom concentration
v’ thin the flask was reduced to gegligible amount. Eventually the
vessel had to be recleaned.

Nitric oxide, being a gas, was simply added at a known rate to
the O-atoms streaming into the vessel. Sulfur was added by placing
powder in & combustion boat. The sulfur reacts rapidly at toom temper-
ature and is readily observed.

Photometric measurements were made with a 1P21 held a fixed
distance from the vessel and directed at the maximum region of light
emission. The results are given in the Table and are discussed in the
next section.



Substance

Bi

Pb

S

NO
*

Table

Estimated Light Emission for Substances
Added to Oxygen Atoms at Low Pressures

Total Pressure
Microns

30
30
42
24

Partial pressure Estimated
of substance cal- Total quanta
culated as Bi0, emitted per

Pb0, SO, NO second
Microns
0.5 8 x 103
0.6 5 x 1014
2.1 3 x 101¢
3 8 x 105

Estimated tota!®
quanta enitted
per second per
gram of sub
stance added

2 x 10'8
1 x10'?
3 x 102°
2 x 1020

Assuming the vapor of the added substance remains in the vessel for

one second before being pumped out.

Results

.. To aid in evaluating these resetions, colored slides and

photographs were made of the observed emission as well as spectrograms.

A key for the various pictures is attached,

reaction with O-atoms appears white.
from the filament or source of the bismuth vapor.

Bismuth Visually the chemical luminescence from the bismuth
It extends only a few centim2tcrs
The spectrogram

showed banded structure typical of a diatomic molecule and the emission
was assumed to be due to the excited Bi0 molecule.

intense than the emission from an equivalent amount of NO.
estimated from the photometric readings taken.

The observed emission is about two orders of magnitude less
This is

Lead The lead gives a blue luminosity with O-atoms; apparently

a continuum, since no descrete spectrum could be observed with the

spectrograph.

The intensity is considerably more than that for the

equivalent amount of bismuth, but still an order of magnitude less than



that with NO. Again the luminosity did not fill the vessel but was
concentrated near the center or the hot filament. Both lead and bismuth
resutted in a deposit on the walls of the vessel,

Sulfur The sulfur is extremely easy to handle, since it reacts
at room temperature and most remains in the gas phase. A coating
eventually builds up on the wall, presumably due the formation of S0,.

It can be observed that the sulfur gave the highest luminosity
as estimated from the photometric measurements, (The total pressure was
stightly higher, but has little effect). The observed luminosity
is a continuum and results obtained using a quartz system and quartz

spectrograph show emission to be below 2400 2.

Nitric Oxide The nitric oxide reaction is well known. The

intensity of the luminosity observed is essentially equal to that
calculated from the known reaction rates., These calculations indicate
that approximately one NO molecule in every 100 added results in the
emission of a photon or quantum of light.

Discussion

Under the conditions of these experiments it is probable that
emission occurs by one of two basic mechanisms; first, a simple two-
body reaction of the type

A+ B AB+ tw (1)
where the emission observed is a continuum. The second can be due to

a simple three-body reaction of the type

A+B+M->AB +M (2a)
AB* =+ A3 + hv (2b)

where the emission is a band system of the AB molecule. Typical of
reaction type (1) is:

NO + 0 = NO, + hv (3)
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Typical of reaction type (2) is:

N+O+MaNO +M (La)
*
NO = NO + hv (Lb)

where the emission is the B, y and 8 bands of NO.

In the case of bismuth, the band spectra are observed and
hence the emission may be due to a three-body type reaction, The
reaction with ltead, however, appears to be due te a two-body reaction
since a continuum is observed. The sulfur is also probably emitting
due to a two-body reaction. The NO is known to be due to the two-body
reaction.

In extrapolating to the upper atmosphere conditions, it
should be considered that the three-body reaction decreases faster
with decreasing pressure than a two-body reaction.

For two-body reactien

guanta =k (A) (B) v

second

where k is the appropriate rate coefficient
(A) and (B) are the concentrations ef
the reactants and V is the volume
occupied by the reactants.

For the three-body reaction the third body concentration M
must enter into the equation:

Quanta _ . (A) (B) (M) V

second

If the bismuth is a three<body reaction and lead a two-body
reaction, then the bismuth luninosity will decrease a factor 100
mere than that of lead in extrapolating from a pressure of 30 microns
to 0.3 microns total pressure.

These mechanism are not necessarily definitive. Others are
certainly possible, but these appear reasonable.

The nitric oxide released in the upper atmosphere did rot
actually emit more than one photon per molecule released before the
glow disappeared. However, it was pessible that a chain mechanism
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could sustain the NO whereby emission would be observed for some hour. :

NO + 0 +:NO, + hv (3)
NO, + 0 =+ NO + O, (6)
NO +0 + M- NO, + M (7)

In the upper atmosphere, reacticn (5) yielded the visible
luminosity, reactjon (6) was the very fast regencrating reaction for
the NO, and reaction (7) was the parallel three-body reaction which
was negligible at the low pressures,

The reaction was termireted by some interfering reaction,
probably as suggested by Harteck('), by N atoms in the very rapid
reactiong

N+NO-»Ny #0 (8)

In the case of bismuth or lead a similar chain mzchanism may
occur involving known oxides, but the experimental results here are
not sufficient to indicate thise For NO it i3 krown to occur, but in
this particular arrangemen:, only 1 particlie in 1097 rescied o enit
light and no catalytic prccess could be cbhserved either. W2 sucpect
that sulfur will also go through a catalytic process via coa
mechanism, For example, any of the following rcaciions may be
involved:

Sy * 0% S0 S (2)

SO+0 +M-=5S3," +H (10a)
$0,% - S0, + hv (10b)
SO + 0 = S0, + hv. (11)
S0, + 0= SO + 0, (12)
SO +0-+S+ 0, (13)
S+ 0= S0+ hyv (14)

~ The suifur system has been studied to a limited extent by our
group and it is Known that the N-atoms do not readily destroy the
observed glow, as in the case of NO. Therefore, the emission from th=
reaction of sulfur with O-atoms in the upper atomsphere might well be
intense and last for some time.
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For simplicity CS, might be released, where the same emission
is known to occur. The reaction probably occurs, via:

€Sy + 0 = CS + SO (15)
CS+0-C0+ S (16a)
or CS+0-C+ SO (16b)

The altitude of release for materials should be considered
especially where the intensity of luminosity may be low and visual
observation may be difficult. The original NO release was 106 KM
and this is considerably above the maximum oxygen atom concentration
which should be near 95 KM, The ratio. of the 0-atoms at these alti-
tudes should be about 3. Therefore, a lower release should give
considerably greater intensity.

A detailed discussion of the reliability of the present
photometric measurements and estimates is not warrented in the light
of the substances., Certainly the concentration of these constituents
must decrease from the source to the wall because of diffusion to the

wall where they are deposited. The photometric results may, there-
fore, be low.

Conclusions

(k luninosity does occur from the reaction of bismuth or lead
with oxygen atoms. The luminosity from bismuth is conveniently
located in the visible region--sppearing white; and the luminosity
is easily observed spectrographically as the emission has the band
structure of Bi0. However, lead is more intense and is observed
easier photometrically:j The peak of the emission is in the blue.

The lead may be emitting due to a two-body reaction, while the bismuth
is via a three-body reaction. Therefore,(:;e emission of lead may be
an order of magnitude or more steonger in the upper atmosphere than
that of bismuth. Our measurements indicate the intensity would still
be an order of magnitude less than that with nitric exide./)
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It should be noted that the low vapor pressure of the bismuth
and lead and the oxides results in a loss of reactant by simple diffusion
to the wall, Consequently, the reactant concentration mey be one-tenth
or less than the calculated value where the reactant is considered to
be removed by pumping only. Therefore, a release of bismuth or lead in
the upper atmosphere may give better results than estimated by simple
extrapolation from the values in the Table. |

o

///;;Ifur may yield a very bright blue fuminosity, also a conti-
nuum. (A release of CS, might be easiest and gives equivalent results).
This is suggested for consideration as a release material. It should
be equivalent in intensity of emission to that from the NO release and
may last longer because it is uneffected by N-atoms)

References

1. Pressman, Aschenbrand, Marmo, Jursa and Zelikoffs The Threshold of
Space, Pergamon Press (1957); Page 235.
2. P. Harteck and V. KOPSCh; y Phys. Chem. B_I_Z_, 327 ('93')

g

}



9.

Appendi x

In this section we are including retevant slides and prints.
An alpha reflex camera was used with indoor type high-speed Ectachrome
film at f 2.8, Further details for individual photographs are
reported in the key. The corresponding slides and prints may be
identified from the Roman numeral on each.
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Key for Slides and Prints for the Reactions of Oxygen Atoms
With Bismuth, Lead, Sulfur, and Nitric Oxide

P

Number Designhation Exposure Time Distance to Flask Background
in seconds in feet 1ight
I Vacuum System ~- -- -
11 Bi 120 10 on
111 Bi 120 10 of f
1V Bi 120 , 10 on
') Bi 10 L off
*VI Bi 30 -4 off
Vil Bi 30 L of f
VIII Pb 120 10 of f
X Pb 120 10 on
X Pb 330 L of f
*xl Pb 30 4 on
*XII Pb 30 L on
XIII Pb 120 4 on
XIv S 30 10 on
XV S 120 10 on
xv1 S 120 L on
XVil S -30 L on
XVIII NO 30 10 on
XIiX NO 120 10 on
XX NO 10 L on
XX1 NO 120 L on
XXI1 NO 30 L on

*fhese photographs were taken at higher rates of evaporation.
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In this period, two projects have been conducted simultancouslys
(1) an investigation of the reactions of oxygen atoms with bismuth and
lead (in comparison with the reactions of oxygen atoms with nitric oxide
and carbon disulfide)s and (2) an investigation of the separation of
ortho-para type systems.
(1)

The former project has been reported and sent to NASA' ‘.
Essentially, the report contains measurements of intensity for the

luminosity produced in the above cases along with limited spectral results.

The second project has been concentrated on the conversion of
molecules of the ortho-para type into the lower state, analogous to the
transformation of ortho-para hydrogen into para-hydrogen by the use of
a suitable catalyst at low temperatures. For this work nitrogen and

methane were selected and each have been studied in detail.

In case of nitrogen the conversion is difficult because nitrogen
does not normally rotate freely below 35.49K., Experimentally, nitrogen
mixed with inert gases as diluents, was cooled to the temperature of
Tiquid helium (4.29K) and below, These mixtures were preabsorbed on
a catalyst. The catalysts were selected on the basis of their
paramaghetism and ranged from charcoal with a relatively low value to
the intermediate and high values exhibited by the rare earth oxides.

The result of each experiment was determined spectroscopically by looking
at the variation in intensity of the rotational structure of the molecule
in the second positive system and of the ion in first negative band

system. To date no substantial change has been observed.

For a polyatomic molecule such as methane, three variations are
possible; viz., ortho, para, and meta. Although this complicates the
analysis, the higher rotational constant of methane may simplify the
experimental procedure; i.e., a measurable separation may be made at
L.2°K.

(1) " studies For Chemical Releases in the Upper Atmosphere",

R.R.Reeves, E. W. Albers and P. Harteck. Sent to Mr. Richard
A. Hord, Dynamic Loads Division National Aeronautics and

Space Administration, Langley Research Center, Langley
Air Force Base, Virginia
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on mixture of methane

(2)

and krypton indicate that methane is still freely rotating at the
L4

Furthermore, the heat capacity data of Euchen

temperature of liquid helium. In this work a mixture of methane and”
krypton was brought into contact with a number of the same catalysts
used for the nitrogen system. Again, results were determined by
spectroscopic means by looking at the rotational structure of methane's

two active infrared bands; results so far have been negative.

Future

Future work will continue the studies of luminescent reactions;
possible rocket shots are now planned. The objectives of wind measure-
ments are associated with chemiluminescent reactions. It is suggested
that a single rocket with a payload of different materials be considered
as a survey meansj i.e., at successive intervals a different material
could be ejected thereby establishing the most suitable substance

by the cheapest means.

Work will continue also on the ortho-para systems. In order
to obtain information on molecules with lower rotational constants,
e.g., methane and nitrogen, we now plan to look at ortho-para
tritium as a guide to the more difficult and complex nitrogen and

methane molecules,

(2) A. Euchen and H. Vieth, Z.physik Chem. B34, 275 (1936).
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The study of releases of chemicals in the upper atmosphere has
been continued. This work is closely allied with work with AFCRL
under Dr. N.W. Rosenberg. In particular, our laboratory results
have indicated that CS, should react with 0-atoms to give a substantial
glow in the chemosphere in the 100-120 kilometer region. Mr. Richard
Hord of NASA™ has been instrumental in having the CS; released. The
results were unfortunately negative, yielding no emission. Several
reasons are possible for no emission, but at present it appears most
likely to us that the (S, was not actually released. This question
should be resolved in the near future, since Mr. Hord has informed
us that 8 new release is planned in September.

In connection with work for Cambridge and at the suggestion of
Dr. Rosenberg and his group, we have studied the reaction of trimethyl
aluminum (TMA) with O-atoms. The purpose of this study is to try to
obtain more information on the results of grenade experiments in
Australia reported by Woodbridge, where, for a very small weight,
less than one pound, a reasonably persistent glow was obtained in
the night sky, apparently through a reaction involving oxygen atoms
and some substance involved in the grenade experiment. One of the
major elements in the grenade was aluminum and hence it was thought
that free aluminum might be released in the explosion and yield this
luminosity by some mechanism. Our laboratory results indicated a
bright glow from the TMA and O-atom reaction where we assume  the
aluminum is the main reaction species from the TMA. At present, how-
ever, we do not believe the intensity is sufficient to cause the
observed luminosity from the grenades, although many experimental
difficulties prevent an accurate evaluation. The best evaulation of
the results, indicates that an overall intensity from this reaction
would be equivalent per unit weight to the reaction evolving nitric
oxide and have a very similar spectral distribution to the radiation.
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The glow from these grenade experiments has been a point of discussion
with Mr. Hord and NASA.

We would like to point out a possible alternate luminosity source
which we consider quite possible, This is the reaction of N-atoms
with molecular oxygen. If N-atoms are present in the ambient where
the grenade is released, the resultant shock wave, on passing through
the atmosphere, will accelerate the N + 0, -+ NO + 0 reaction, resulting
in a relatively high level of nitric oxide which can cause the lumincsity
observed. An ambient nitrogen concentration of 10° atoms per cubic
centimeter is sufficient to readily produce such a glows this is still
considered a not unreasonably high nitrogen-atom concentration despite
some lower ¥ ypper limits" now claimed.

The work on ortho-para systems has continued, We have now con-
verted normal tritium to paratritiums this work will be reported in
the literature shortly with appropriate distribution to NASA. The
tritium was converted using a coconut charcoal catalyst in the 8 to
20°K range, measuring the degree of transformation with usual thermal
conductivity technique. Half time for the conversion was four to five
minutes. There was no observable effect from the radioactive nature
of the tritium with regard to an autocatalytic conversion. This
transformation is expected to be especially useful in obtaining
pertinent information for experimental techniques for transforming the
nitrogen or methane systems to their lower states.

We have purchased a mass spectrometer on this grant to use in
connection with reaction studies of excited molecules, This work is
just getting underway with the construction of the equipment just
coming to completion. The mass spectrometer is also being used
regularly for the entire project, for standard chemical analysis and
for testing for purity of various gases.

In the immediate future we plan to continue the study of O-atom
reactions associated with the upper atmosphere. This work will be at
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a somewhat reduced level as we place more emphasis on the ortho-para
systems, The study of reactions of excited molecules with various
ground state molecules should begin during the latter pagt of July
with the completion of the espparatus, .
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Precise kinetic data for the conversion of 3:! ortho-
paratritium into 1:1 ortho-paratritium on a coconut charcoal at
liquid neon temperature have been obtained. The publication of
these data will appear in Zeitschift fur Naturforschunqg in March
1963, (Twenty-five copies of this manuscript were forwarded to
NASA in November 1962),.

The half-1ifetime for the conversion at 27.4°K (1iquid
neon) was found to be one minute; back conversion on the same
coconut charcoal at the temperature of liquid nitrogen (77.4°K)
gave a half-life of 0.92 minutes. For hydrogen under identical
conditions the haif-lifetime was twenty-four times slower. To a
first approximation the magnitude of the difference between hydrogen
and tritium results in a facter of eight when one considers the
transition probability expression derived by wigner(') for the homo-
geneous conversion in the gas phase, This marked variation be-
tween hydrogen and tritium is a most striking and interesting re-
sult and deserves further investigation. In this connection the
effect of fons in the gaseous and solid state is now being studied.

Currently we are engaged in establishing the kinetics
for the following: conversion of tritium in a solid lattice con-
taining hydrogen; back conversion of paratritium (1:1) ortho-
paratritium mixture in the presence of nitric oxide at room
temperature, which is an independent measure of the nuclear mag-
netic moments half-1ifetime of conversion for pure tritium at the

temperature of liquid helium; and the conversion of tritium on
silica gel,

Preliminary results indicate a half-lifetime of 100
minutes for the mixture of hydrogen and tritium in the solid state.
For the homogeneous back conversion of tritium in the presence
of nitric oxide the measured half-lifetime was 17 minutes; this
result agrees with the data reported by Farkas(z) for hydrogen back
converting under similar conditions, allowance being made for the
change of mass as required by the transition probability expression
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of Wigner. Measurements related to the solid phase conversion and

conversion on silica gel are in procedure.

At the Spring Meeting of the American Chemical Society in
March 1963 a second paper on the tritium system will be presented
and published in Journal of the American Chemical Society., Prior
to this time the requisite copies of this paper will be forwarded
to NASA. ’

Future work will be directed toward establishing the effects
of the ions produced by the radioactive decay of tritium on the
mechanism of conversion for the homogeneous and heterogeneous phases.
In the future after completing our experimentation on ortho» and
paratritium we plan to conduct exploratory experiments on ortho- and
para N'#<Ni4 and N'5-N'5 and on the three methane systems. We
hope that the knowledge acquired with the ortho- and paratritium
experiments will help us to make a successful approach to this very
tempting but experimentally difficult field.

Literature

Copies of papers discussed at the Informal Conference on Photo-chemistry
in Brussels in June, 1962 are attached. This work was supported in part
by this grant,
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The rates of conversion of tritium in the solid phase at 4,2°K
(1iquid heliun) and the gas phase at 27.2°K (liquid neon) have been
measured. These data have been submitted for publication in The Journal

of the American Chemical Society. (Twenty-five copies of this manuscript
were forward to NASA in June 1963),

The measured half lifetime for the conversion of tritium in
the solid phase was found to be seventeen minutes. This rate of con-
version is 210 times faster than for normal hydrogen. The enhanced rate
of conversion of tritium, however, may be due entirely to a more
favorable energy transfer process. Examination of the measured half
T{fetimes for hydrogen, deuterium and tritium in the solid phase seems
to indicate that for tritium a one phonon process is very likely
whereas for hydrogen the minimal energy process must involve two phonons.
Deuterium, however, may be either a one phonon or two phonon process.

For the gas phase conversion at 27.2°K variation of the amount
of bare metal surface within the heat conductivity cell envelope markedly
changes the half lifetime for the gas phase conversion. Since the
heat conductivity cell remains immersed in liquid neon, it is likely.
that i{ons play e major part in the conversion in the gas phase.

Future Work

Since the role of the ions may be of prime importance in the
solid conversion, we plan to study in great detail the conversion
of hydrogen-tritium mixtures and possibly deuterium-tritium mixtures.
For the effect of ions on the gas phase conversion the pressure of
tritiun will be increased from one millimeter to six millimeters.
Since it appears that the rate of conversion should vary with the
third or fourth power of the pressure if the conversion takes place
over ions in the gas phase, one should only be able to measure the
131 ratio of ortho-paratritium at 27.2°K.
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The release of nitric oxide in the upper atmosphere six years
ago by Dr. Zelikoff and his group(l) gave striking evidence for the
existence of the chemosphere and particularly the relatively high con-
centration of oxygen atoms in this region. This paper discusses some
considerations and laboratory experiments we have made concerning
possible chemical releases and their effect on the upper atmosphere; and
also what information might be obtained in this way about the nature of

the upper atmosphere. /&§Q4;}¥L{£UO'L,

The solar radiation has an intensity which is a maximum in the
visible region around 5000 A. In the upper atmosphere regions where
the total pressure is one micron or less, one need consider only radi-
ation which has a very high absorption coefficient. Radiation below
1800 A is absorbed by oxygen in this region to form O-atoms. Still
lower wavelengths starting about at Lyman a (1216A) can make both
ionization and dissociation processes in the atmosphere. This sum of
effective radiation is less that a per mil of the total energy of solar
radiation, ’

This release of NO by Dr. Zelikoff and his group at about 106
km gave a luminosity which was almost exactly what was predicted. The
nitric oxide reacts with 0-atoms giving the well-known reaction:

NO + 0 » NO, + hv: k = 3,10 (1) (Ref 2)
which may be followed by

-12
NO, + 0+ NO + 0,3 k =10 (2)
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The luminosity resulting from the NO retease was readily
observable indicating the presence of O-atoms. If the O-atoms had a
concentration of 1-3 x 10'2 particles per cubic centimeter, than there
would be one photon emitted per NO molecule by reaction (1) in every few
hours. Actually, however, the glow disappeared in a fraction of an hour
and at the time we speculated that this could be due to nitrogen atoms
via:

N+NO Ny +0: k=10 (3)

This idea that the N-atoms might be in sufficient concentration to inter-
fere has not been widely accepted.

We have been looking for other chemicals to release which might
give:

1) more luminosity (per pound)

2) avoid destruction by N-atoms (or other ioss mechanism)

3) indicate the N-atom concentration

When considering ways to have a more intense luminosity the
question also arises as to what is the amount of energy stored as
dissociation energy in the upper atmosphere and what is the number of
light quanta which could be emitted in a process which emits one light
quanta in the visible for each 0O-atom or for each pair of O-atoms.
Assuning a maximum O-atom concentration in the 100 km altitude region of
10'2 particles per cm®, and a scale height of 10 km = 10¢, we see that,
per cm?, 10'® O-atoms are present during the night. By recombination,
these 10'® 0-atoms could release an energy equivalent of 0.1 cal/cm2,
Since the sun radiates about 10'7 1ight quanta in the visible, the
O-atoms stored in the upper atmosphere are sufficient, if an adequate
chemical reaction could be found, to emit for a few seconds a light
intensity equivalent to the luminosity of the sun during daytime.
Obviously this high intensity - short duration emission is not practical
to achieve. It is well in the realm of possibility, however, to release
substantial amounts of a chemical with rockets in the regions where the
O-atoms are most abundant and thereby induce photochemical reactions
over wide areas. The emission may be sufficient to be easily seen from
the ground, or even to brighten the night sky for several hours to a
degree more than that of a full moon (more than 10'2 light quanta per
centimeter square per second).
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I remember from over thirty years ago when we had been first
studying reactions with oxygen atoms, that hydrogen sulfide gave a
beautiful intense blue emission.( This glow is also readily observed
with the reaction of O-atoms with sulfur, carbony! sulfide, and carbon
disulfide. A release of such a chemical might give a high intensity
of light via:

=16
SO + 0~ S0, + hv 3 k = 3.10 (L)

For CS, we have studied the reaction and it probably follows a multi-

step oxidation at these low pressures:
-12

CS:*O-.CS*SO;k,'-IO‘z (5)
CS*+04C0+S; kg~ 10 (6)
S+ 0,55 +0 ; k,~lo"a (7)
SO +0. S0, +hv Kk, ~ 3.10'"s (L)

Reactions (5-7) appear to be fast with efficiencies of lo'sor better
while reaction (i) may be IO°6 or better. The coefficients indicated
are estimated from preliminary work at room temperature from 100 microns
down to 5 microns.

Reactions (5-7) consume rapidly O-atoms withoyt 1ight emission.
Therefore a release of CS, in the upper atmosphere may yield a dark
center with a bright blue shell which would grow with time. Unfortunately,
there can be no regeneration of the SO via

S0, + 0 o SO + Oy (8)

It might be well at this point to compare the relative inten-
sities of SO emission resulting from reaction (4) and NO emission from
reaction (1). It is true that NO may be regenerated by reaction (2),
while SO is not regenerated b¥7reaction (8). The reaction rate of N?‘
is, however, small (k = 3.10" ) compared to that from SO (k = 3,10 ).
Furthermore, the NO, produced by reaction (1) is apparently not avail-
able for regeneration because of reaction with N-atoms. Therefore, the
release of a sulfur compound should give a substantially brighter
luminosity.
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Because of the possible interference of N-atoms in the nitric oxide
release, we decided to investigate the mixed N-atom-O-atom reaction with
sulfur compounds. We have tried the effect of N-atoms with a mixture of
carbon disulfide and O-atoms and it not only doesn!t interfere, it can

actually enchance the total emission via the following reactions :*
€Sy + 0+ CS + 50 5 kg 10-12 (5)
CS+0CO*+S 5 kew 10-12 (6)
S+0,»S0+0 3k, 10-12 (7)
SO+ N—+S+NO Kk, 10-13 (9)
NO +0-NOy + hv Kk, 3.10-17 (1)
SO+ 0- SO; + hv ; kg 3.10-16 (&)

The blue emission from (4) is not only enhanced by the production of O-atoms
from N-atoms via Reactions (9) and (7), but also the color may change to
yield a more whitish glow with time due to 1ight emission by reaction (1).
This effect was readily observed in the laboratory. Reaction (9) should

be of basic importance for a sulphur or NO plus sulphur release in the

upper atmosphere since the SO will have the effect to destroy the N-atoms
and hence the resulting NO may have a substantial longer lifetime at

least near the center of the release.

-

The role of N-atoms in the upper atmosphere is not entirely
clear because of the lack of direct experimental evidence for the
concentration and duration in the upper atmosphere. The N-atoms should
have a lifetime of some hours at 100 kilometers (3) if they were consumed
only by the reaction:

-16
N+0;>NO+O0 3 kyy =10 (10)
Glows observed from the grenade releases may(S) be due to a shock wave

which would accelerate reaction (10), with the subsequent reaction of
NO with O-atoms fn reaction (1).

*These reactions have been studied by Dondes and Liuti in detail. This
work is being prepared for publication.
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There arises the interesting probiem of what other substances could be
considered for such releases and what properties they should possess.
Since the release of these substances will take place at very low pres-
sures O-atom concentrations are highest, it would be preferred to have
two=body reactions, since three-body reactions may be neglected. The
two-body mechanism may be of two types:

AB + 0+ A0* + 8 Type I
A0* + 40 + hy
and
X + 0 - xo*
X0™ - X0 + hy Type 11

At present we don't know any reactions of Type I involving O-atoms which
whould emit light in the visible with a high efficiency. We are therefore
limited to Type 1I. To this group belongs reaction (1), which can be
written in the form as above as:

NO + 0 - NO,*
NO* -+ NOy * hy .

Other representatives of this type of substance which have to be con-
sidered are metals release directly, or as metal organic compounds, or
as volatile inorganic compounds. Unfortunately these reactions are
difficult to study and simulate in the laboratory, because usually metal
oxides are formed which will deposit on the walls of the vessel and
catalytically destroy the 0-atoms. The ideal metal could behave in two
ways ¢

(1) M+0>M0 +hv (a) (2) MO + 0=+ + MO, + hv  (a)

MO +0-+M +0, (b) MO, + 0 = MO + O, (b)

The light emission should be in the region where the eye is most
sensitive and the MO or MO, should not undergo a chemical reaction with
N-atoms which stops the chain. To properly investigate these types of
rexctions, we would need a very large reaction vessel, so that the wall
effects would become reduceds We made all our experiments in a reaction
vessel of 50 liters at about 10-20 micron pressure. This pressure is



6.

about by a factor 100 lower than most experiments which are performed
with atoms generated with a glow-discharge, but still a factor 10

higher than the pressure in the chemosphere. We wouid like to emphasize,
that under our experimental conditions we come nearer to the condition
which prevail in the chemosphere, than most of the experiments performed
on these lines,

We investigated a serfes of the metal orgenic compounds (6).
From these substances Al(CHy), gave, with O-atoms, a most beautiful
white luninosity. In the figure can be seen the spectrum of 1ight
emitted. The dissociation energy of Al0 is quoted as Dy~ 3.75 volts in
G. Herzberg, Spectra of Diatomic Molecules, 1951. This dissociation
energy would be in 1ine with the observed spectrum which extended to
about 3800 A. A chain reaction (5) is therefore possible via:
Al + 0 - A10¥ , A10 + hv
and
A10 + 0 = Al + 0,
This would fulfill both properties which one would desire for
a chemical substance for release, namely @ luminosity which is
predominantly in the visible, and also a chain mechanism to regenerate
the reactant.

At present we are designing an experimental arrengement which
can extend the work still lower pressures to more nearly simulate the
Chemosphere.

The authors wish to acknowledge the assistance of Dr. L.G.
Bassett in preparing this paper.
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ABSTRACT
The excited molecules are produced by use of a

Py surface catalyst. The chemical reactions of the nitrogen
excited molecules.(NaA’z:) with different substances are
discussed along*yith the reaction of the excited oxygen
molecule (0,A%Zu) with oxygen and nitric oxide. The inter-
action of highly vibrationally excited OH radicals is also
discussed.,

* Discussed at the Informal Conference on Photochemistry
at the University of Brussels, June 1962

Abstract will appear in the Bull, Soc. Chim, Belg. Spring 1963



